I. The pyloric dilator (PD) and anterior burster (AB) neurons in the pyloric system of the lobster stomatogastric ganglion are electrically coupled and synchronously active. We have used the lucifer yellow photoinactivation technique to separate the connections made by the PD motor neurons from those made by the AB interneuron.
I. The pyloric dilator (PD) and anterior burster (AB) neurons in the pyloric system of the lobster stomatogastric ganglion are electrically coupled and synchronously active. We have used the lucifer yellow photoinactivation technique to separate the connections made by the PD motor neurons from those made by the AB interneuron.
2. Photoinactivation of either the two PD neurons or the single AB neuron allowed us to separate the compound inhibitory postsynaptic potentials (IPSPs) in the lateral pyloric (LP) and pyloric (PY) motor neurons resulting from synchronous PD and AB activity into AB-evoked and PD-evoked components. These IPSPs have different time courses, reversal potentials, ion selectivities, and pharmacological properties.
3. Photoinactivation and membrane-potential manipulations indicated that a readily observable IPSP recorded in the AB neuron and correlated with action potentials in the LP neuron is actually an electrotonic potential due to an LP-evoked IPSP in the PD neurons.
4. Selective inactivation of either the two PD neurons or the AB neuron revealed that the IPSP recorded in the ventricular dilator (VD) motor neuron is due solely to AB-released transmitter.
5. The electrical coupling potentials measurable between the AB, PD, and VD neuron somata are due to direct electrical coupling between all of these neurons.
6. Circuit analysis and transmitter identification may be complicated by electrical coupling. We suggest that the presence of electrical coupling between nonidentical neurons may provide a new mechanism that allows changes in synaptic characteristics among neurons within a "hard-wired" circuit. INTRODUCTION A prerequisite for a complete understanding of how nervous systems generate behaviors is a detailed characterization of the synaptic interactions among the relevant neurons. The stomatogastric ganglion of the lobster has been an especially useful preparation for investigations of the neural bases of behavior (11-14, 22, 23, 25-29, 32-39; J. L. Ayers and A. I. Selverston, unpublished observations) for the following reasons: neurons within this ganglion mediate several different behaviors, most of the neurons relevant to these behaviors are contained within the stomatogastric ganglion, and all of these cells are easy to penetrate and identify. A complete understanding of the stomatogastric ganglion as a pattern generator requires detailed characterization of the ionic selectivities, time courses, and pharmacological properties of the synaptic interactions among the neurons involved.
Characterization of these synaptic connections has been difficult for two reasons. First, there are many neurons that are electrically coupled to one another; these neurons may or may not make similar sets of synaptic connections within the ganglion. Second, many if not all of these neurons are capable of nonimpulse-mediated transmitter release (i.e., transmitter release as a function of membrane potential) ( 1, 2, 9, 10, 24, 3 1) as well as the more familiar impulse-mediated transmitter release. Therefore, conventional electrophysiological techniques are not sufficient to reveal which cell of a group of electrically coupled cells liberates the transmitter mediating a particular postsynaptic response. In order to resolve this dilemma, we have used the lucifer yellow cell-photoinactivation technique of Miller and Selverston (27) to remove cells selectively from the neuronal circuit. This technique has allowed us to determine which cell of a group of electrically coupled cells releases transmitter onto a particular postsynaptic neuron and which cell of a group of electrically coupled cells receives synaptic input from a particular presynaptic neuron. Furthermore, we have been able to dissect complex multicomponent IPSPs into their composite parts, thereby showing that two electrically coupled cells that act synchronously have quite different postsynaptic actions.
Preliminary reports of some of these data have previously appeared in abstract form (6, 19).
METHODS
All the experiments reported in this paper were performed on 500-to 1,000-g Panulirus interruptus obtained from Pacific BioMarine, Venice, CA and kept in aerated Instant Ocean-filled aquaria at 12OC until used. The data reported in this paper come from experiments performed on 78 animals during a l-yr period. All experiments were reproduced at least 3 times. The stomatogastric ganglia were dissected as previously described (28, 35) . The cell-inactivation experiments were performed in plastic petri dishes in which a small hole was drilled and a circular piece of microslide glass glued in place over the hole with Elmer's clear household cement. After the cement dried, Sylgard was poured in a thin layer level with the upper surface of the glass, completely covering the glue. Ganglia were positioned over the glass center. Preparations were continuouslv superfused (6-12 ml/min) with chilled ( 12-15 "C) Panulirus interruptus saline (17). The composition of the bath was changed by switching the inflowing solution using a multiple-port manifold. Saline containing */3x, 1/2x, or 2~ Neurons were identified as described previously (23, 28, 35) . Throughout this paper the two PD neurons have been considered equivalent; there has never been any suggestion that these cells are not essentially identical.
We measured the diameters of the somata of pyloric system neurons using an ocular micrometer on a dissecting microscope.
The somata of the PD motor neurons were among the largest in the ganglion (average diameter in pm t SD, 118 * 10.5, n = 14) and the somata of the AB interneurons were among the smallest (49 & 4.7, n = 7). The diameters of the somata of the other neurons were as follows: LP, 109 t 11.8, n = 7; VD, 93 t 8.6, n = 7; PY, 69 k 2 1.2, n = 13. Thus, all these neurons, including the AB neuron, are large by comparison with neurons in many other animals and present no difficulty for impalement with multiple electrodes. Examples of voltage records from presynaptic neurons impaled with two microelectrodes are shown in Figs. 5, 6, 10, 1 1, 14, and 15.
Presynaptic cells were impaled with one or two electrodes filled with KAc. Postsynaptic cells were impaled with two electrodes: a 4 M KAc-filled electrode for recording voltage and either a 4 M KAc or 2.5 M KC1 electrode for current injection. Cells were Cl-loaded by hyperpolarizing them to -100 mV with a KCl-filled electrode for lo-15 min.
Cells to be photoinactivated were penetrated with an electrode filled with 2% lucifer yellow in distilled water. The cells were dve filled bv passing current through a breakaway box on the recording amplifier. Cells were inactivated by shining an intense blue light onto the entire ganglion through a focused substage condenser (27, 36) .
A cell was judged to be inactivated when the following criteria were met (25-27, 36). I) Action potentials were no longer recorded in that cell's peripheral axon, 2) the resting potential of the cell fell to zero, 3) the input impedance of the cell fell to zero, and 4) postsynaptic potentials (PSPs) from that cell were no longer recorded in postsynaptic cells.
In all experiments in which one or two neurons of the electrically coupled group were inactivated, we waited 0.5-l h after the injected cells were judged inactivated before continuing with the experiment. This time was sufficient to allow the remaining cells to regain a high input impedance and to wash away transmitter and ions released during the inactivation period (see also Refs. 25-27, 36).
All experiments were performed on combined preparations (32, 33) in which the esophageal ganglion and commissural ganglia were left connected to the stomatogastric ganglion. In most experiments a Vaseline well was placed around a lo-to 15-mm length of the stomatogastric nerve (25,33) so that impulse-mediated commissural and esophageal inputs into the stomatogastric ganglion could be blocked reversibly by filling the well with isotonic sucrose. All experiments were repeated with esophageal and commissural inputs blocked and unblocked. For experiments done in the presence of these inputs, the IPSPs recorded in postsynaptic neurons were the result of spontaneous activity in the presynaptic neurons. For experiments done with the stomatogastric nerve blocked, the presynaptic neuron or neurons were driven by injection of current pulses through a second microelectrode, which was sufficient to produce bursts that mimicked those seen when esophageal and commissural inputs were present (see Fig. 15 for a comparison of the results obtained with these inputs blocked and unblocked).
The results obtained with the esophageal and commissural inputs blocked and unblocked were similar except where otherwise noted.
RESULTS
The pyloric system of the lobster stomatogastric ganglion has been described in great detail (l l-14,22,23, 35) . This network contains several ensembles of electrically coupled neurons. Of these, the ensemble containing the AB and PD neurons is of particular interest, since together these neurons act as the pacemaker for the pyloric motor pattern by rhythmically inhibiting all of the other neurons within the pyloric network (22, 23). Figure 1 shows simultaneous intracellular recordings from four pyloric neurons: the single AB interneuron, one of the two PD motor neurons, the single LP motor neuron, and the single VD motor neuron. The electrically coupled AB and PD neurons fire synchronous bursts of action potentials, which are superimposed on slow membrane-potential oscillations. The amplitude and frequency of these oscillations can be modulated by inputs from commissural and esophageal ganglia (32, 33) . Each burst in the AB and PD neurons elicited in each postsynaptic neuron a complex inhibitory postsynaptic potential (IPSP) consisting of a series of rapid unitary IPSPs superimposed on a slow hyperpolarization. Examples of the IPSPs recorded in the LP and VD neurons are shown in Fig. 1 . It has been demonstrated previously that these complex IPSPs are due to transmitter released as a function of membrane potential of the presynaptic neuron or neurons ( 1, 10) (nonimpulse-mediated transmitter release) as well as by transmitter released by the more familiar impulse-mediated mechanism.
We wanted to characterize the synaptic interactions among the AB, PD, and postsynaptic neurons on the basis of the time course, reversal potential, ionic selectivity, and pharmacological sensitivity. Because intracellular recordings from these neurons are complex, we needed to define in a consistent fashion a reference potential (E,) that estimated the resting membrane potential. Thus, in postsynaptic neurons E, was considered to be that value of membrane potential from which the complex AB/PD-evoked IPSP arose. As an example, E, in LP and VD neurons is denoted by the dashed lines in Fig.  1A and B. The value of E, in postsynaptic neurons ranged between -46 and -66 mV in various experiments. Because of the presence of large oscillations in the membrane potentials of the AB and PD neurons, the concept of a "resting" level of membrane potential is of limited meaning. We have chosen to call E, in these neurons that level of membrane potential from which the bursts arise. This is denoted by the dashed lines in the AB and PD neuron recordings in and B. In individual experiments the value of membrane potential in the AB and PD neurons ranged from -50 to -65 mV.
Strategy
On the basis of recordings such as the one illustrated in Fig. 1 , circuit diagrams have been constructed that describe the functional interactions among pyloric neurons (35) . However, because the AB and PD neurons are electrically coupled and release transmitter as a function of membrane potential, it is not clear whether the IPSPs recorded in postsynaptic neurons are due to transmitter released by the AB neuron alone, the PD neurons alone, or the AB and PD neurons together. Our strategy was to use the photoinactivation technique to isolate AB-evoked IPSPs from PD-evoked IPSPs so that we could determine which of the presynaptic neurons released the transmitter responsible for each postsynaptic response. Additionally, we used the photoinactivation technique to
For each synaptic interaction studied the experimental paradigm was essentially the same. First, a subset of the ganglion containing the appropriate presynaptic and postsynaptic neurons was isolated by inactivating selectively any neurons putatively electrically coupled to or making reciprocal chemical synapses with the presynaptic neuron or neurons. Second, the synaptic potential was examined at various levels of postsynaptic neuron membrane potential in order to determine the reversal potential of the IPSP. Because the value of E, for each postsynaptic neuron varied within a 20-mV range for different experiments, values of reversal potential have been reported as referenced to E,. Third, the ionic selectivity of the synaptic potential was examined by changing the extracellular potassium concentration and the intracellular chloride concentration. Fourth, previous work (3, 7, 22) indicated that some of the synaptic potentials were sensitive to picrotoxin, which blocks glutamate-activated characterize separately the postsynaptic re-K+ and Cl-conductances in these neurons sponses evoked by the AB and PD neurons.
(21). In addition, the PD neurons have been shown to make cholinergic neuromuscular junctions ( 17, 18), and iontophoresis of muscarinic agonists evoked slow K+ conductance increases (20). Therefore, we studied each of the synaptic potentials in the presence of picrotoxin and in the presence of the muscarinic antagonists, atropine and QNB. The pharmacology of these sy napses is under investigation (u .npublished observations).
In this paper we have examined and characterized the synaptic interactions among neurons within the following subsets of the pyloric system: I) AB, PD, LP; 2) AB, PD, VD; 3) AB, PD, PY. cordings from one of the two PD motor neurons, the AB interneuron, and the LP motor neuron. Synchronous bursts of activity in the AB and PD neurons evoked a complex IPSP in the LP neuron. In addition, each individual action potential in the LP neuron correlated with a discrete IPSP in each of the PD neurons and in the AB neuron. The LPevoked IPSPs recorded in the AB neuron had a much slower rise time than those recorded in the PD neuron as well as being of smaller amplitude (Fig. 2B ). Because the AB and PD neurons are electrically coupled and can release transmitter without action potentials, a careful consideration of all of the possible synaptic connections among these neurons led us to construct the set of nine alternative circuits illustrated in Fig. 3 , each of which could describe the AB, PD, LP synaptic connections.
In order to determine the actual synaptic connectivity between the AB, PD, and LP neurons, we examined separately the AB-PD, AB-LP, and PD-LP synaptic connections. Cells that might obscure an individual synaptic interaction were selectively removed n n from the circuit by filling the appropriate cells with the fluorescent dye lucifer yellow (40, 41) and inactivating the cells by illumination with intense blue light (27) . Therefore, in order to examine the AB-PD connections, the VD neuron, which is putatively electrically coupled to the AB-PD group (35) , was inactivated; to examine the AB-LP synaptic interactions, the two PD neurons were inactivated; and to examine the PD-LP synaptic interactions, the AB neuron was inactivated. In addition, because of the putative electrical coupling between the AB/PD and VD neurons, we did a series of experiments in which we inactivated the VD neuron as well as either the AB or PD neuron. Both series of experiments gave the same results. Following inactivation of the VD neuron, the AB and PD neurons continued to show spontaneous bursting activity and were still electrically coupled (not shown). Following photoinactivation of either the PD neurons alone or the PD and VD neurons, the AB neuron continued to burst (also see Refs. 25, 26, 36) . Each burst in the AB neuron evoked an IPSP in the LP neuron (Fig. 4) LP action potentials failed to evoke IPSPs in the AB neuron after inactivation of either the PD and VD neurons or of only the PD neurons (Fig. 4) . This suggested that the IPSP recorded in the AB neuron that correlated with LP action potentials was an electrotonic coupling potential mediated via an LP-evoked IPSP in the PD neurons. Following photoinactivation of the AB neuron alone or of the AB and VD neurons, the PD and LP neurons were reciprocally inhibitory (see also Refs. 25, 26) . A burst in the PD neurons evoked an IPSP in the LP neuron (Fig. 4) , while LP action potentials evoked discrete IPSPs in the PD neurons (Fig. 4) .
Thus, the compound IPSP recorded in the LP neuron was evoked by transmitter released by both the AB and PD neurons. After having demonstrated that the AB-evoked and PD-evoked components could be dissected apart, the characteristics of these components were examined more closely. In order to determine whether AB-released transmitter and PD-released transmitter evoked physiologically distinct responses in the LP neuron, we compared the AB-evoked and PD-evoked IPSPs, using the following criteria: I) time course, 2) reversal potential, 3) ionic selectivity, and 4) pharmacological sensitivity.
Characterization ofAB-evoked IPSP in LP neuron. Following PD neuron or PD and VD neuron photoinactivation, the AB neuron evoked an IPSP in the LP neuron, which had a short latency and a rapid rise time. The AB-evoked IPSP was examined further at several different membrane potentials (Fig.  5) to both changes in the external potassium concentration and to intracellular Cl-injections. Doubling the external potassium concentration in the experiment shown in Fig.  5 shifted the IPSP reversal potential 12 mV in the depolarizing direction, while halving the external potassium concentration resulted in a 10.mV hyperpolarizing shift (see Table 2 for summary of data). The IPSP reversal potential was also sensitive to increases in internal chloride concentration accomplished by iontophoretic injection of chloride ions (Fig. 5) . Hyperpolarization of the LP neuron to -100 mV with a KCl-filled microelectrode for lo-15 min caused the IPSP reversal potential to shift in the depolarizing direction. Because the amount of chloride injected into the LP neuron was different in each experiment, these results cannot give a quantitative estimate of the dependence of the IPSP reversal potential on the internal chloride concentration.
However, in some experiments the IPSP reversal potential shifted from about 20 mV below E, to E, or to a membrane potential slightly above E,. The IPSP reversal potential recovered to control values after about 20 min. In addition, this IPSP was entirely blocked by 10e6 M picrotoxin but unaffected by 10s3 M atropine or 10m5 M QNB (unpublished observations).
Characterization of PD-evoked IPSP in LP neuron. Analysis of the PD-evoked IPSP in the LP neuron was complicated by the fact that in the presence of inputs from the commissural and esophageal ganglia, the LP neuron often displays plateau potentials (34) that are not dependent on the presence of the PD and AB neurons (25). The PD-LP interaction was unique among the interactions we examined because the character of the PDevoked IPSP in the LP neuron was dependent on whether or not the LP cell was generating plateau potentials due to the presence of commissural and esophageal inputs.
In the absence of commissural input (Fig.  6) , depolarization of the PD neurons evoked a long-latency, slow rise time IPSP in the LP neuron. This IPSP was hyperpolarizing at E, and decreased in amplitude as the cell was further hyperpolarized. In some experiments, the IPSP disappeared about 30-40 mV below E, but did not reverse with further hyperpolarization; in other experiments, the IPSP did reverse with further hyperpolarization.
This IPSP was sensitive to changes in the external potassium concentration. Doubling the external potassium concentration allowed the IPSP to be reversed readily by hyperpolarization in all cells. In those cells that showed a clear reversal potential in normal saline, we obtained 16. to 22.mV depolarizing shifts of the reversal potential in 2X K+ (see Table 2 ) and an additional 8-10 mV in 3X K+. This IPSP was entirely insensitive to iontophoretic injection of chloride ions. We were able to demonstrate an increase in conductance during the IPSP by passing constant-current pulses (Fig. 6 ). In addition, this IPSP was entirely blocked by 10e3 M atropine and by lo-' M QNB but was unaffected by 1 Om6 M picrotoxin (unpublished observations).
In the presence of commissural and esophageal input, the situation was more complex. Under these conditions, hyperpolarization of the LP neuron evoked plateau potentials. These plateau potentials as well as frequent barrages of other synaptic inputs often masked the PD-evoked inhibition.
At Er, PD-evoked inhibition was apparent and pronounced. However, it was not possible to demonstrate a conductance change by passing constant-current hyperpolarizing pulses nor was it possible to demonstrate a reversal potential by hyperpolarizing the LP neuron.
Thus, the IPSPs evoked in the LP neuron by AB-released and PD-released transmitter are separable on the basis of their time courses, reversal potentials, ionic slectivities, and pharmacological characteristics.
Characterization of LP-evoked IPSP in PD neurons. The LP-evoked IPSP recorded in one of the PD neurons is illustrated in Fig.  7 . This IPSP was hyperpolarizing at Er, at equilibrium at about 20 mV hyperpolarized from Er, and reversed at more hyperpolarized levels of membrane potential. The IPSP reversal potential was sensitive to changes in the external potassium concentration. In the experiment shown in Fig. 7, a 15 .mV depolarizing shift was found when the external potassium concentration was doubled (see also Table 2 ), a lo-to 12.mV hyperpolarizing shift when the external potassium concentration was halved, and about a 20.mV hyperpolarizing shift when the external potassium concentration was reduced to onethird. In addition, the LP-evoked IPSP CONTROL 2xK+
---xJ---57mV
-120mV FIG. 6. Characterization of the PD-evoked IPSP in the LP neuron following photoinactivation of the AB and VD neurons in the absence of commissural and esophageal input. The LP and PD neurons were each impaled with two microelectrodes. Depolarization of the PD neuron (upper row; each of the PD traces corresponds to one of the LP traces shown below) with a current pulse sufficient to mimic spontaneous bursting activity in the presence of commissural and esophageal input evoked an IPSP in the LP neuron. Under control conditions this IPSP was hyperpolarizing at E, (-57 mV), at equilibrium at -86 mV, and reversed at more hyperpolarized levels of membrane potential. In saline containing 2X K+ the IPSP was at equilibrium at -65 mV and reversed at more hyperpolarized levels of membrane potential. This IPSP was due to an increased conductance; a current pulse injected into the LP neuron during the IPSP (bar indicates time of PD depolarization) elicited a smaller voltage deflection than the same size current pulse injected when the presynaptic neuron was not firing. E, in the PD neuron was -62 mV under control conditions and -60 mV in 2X K+-containing saline.
equilibrium potential was sensitive to ion-tial. In the experiment shown in Fig. 7 , which tophoretic injection of chloride ions into the was typical of other experiments, the IPSP PD neuron. Hyperpolarization of the PD reversal potential shifted to E, or slightly neuron with a KCl-filled electrode, to SO-mV above. After 20 min, the IPSP reversal pobelow Er for 10 min, injected enough chlo-tential recovered to the control value. In adride ions into the cell to cause a significant dition, this IPSP was entirely blocked by 10v6 depolarizing shift in the IPSP reversal poten-M picrotoxin, but unaffected by 10s3 M atro- A spontaneous burst of action potentials in the LP neuron evoked discrete IPSPs in the PD neuron. These IPSPs were hyperpolarizing at E, (-60 mV), at equilibrium at -75 mV, and reversed at more hyperpolarized levels of membrane potential. In 2X K+ saline, E, depolarized by 6 mV to -54 mV, and the IPSP reversal potential shifted by 15 mV to -60 mV. In l/2X K+ saline, E, hyperpolarized by 3 mV to -63 mV, and the IPSP reversal potential shifted by 10 mV to -85 mV; l/3X K+ caused an additional lo-mV shift in the IPSP reversal potential to -95 mV. When the internal chloride concentration was increased by hyperpolarizing the PD neuron to -120 mV for 10 min, the IPSP reversal potential shifted to -54 mV, 6 mV above E,. The IPSP reversal potential recovered to the control value after about 20 min. The broken lines indicate the value of membrane potential in the absence of the unitary LP-evoked IPSPs. These values correspond to those indicated in the figure. E, in the LP neuron was -58 mV.
pine and lo-' M QNB (unpublished observations). Thus, the LP-evoked IPSP in the PD neuron resembles the AB-evoked IPSP in the LP neuron on the basis of reversal potential, ionic selectivity, and pharmacological sensitivity.
In Fig. 8 , the data presented in Fig. 7 are represented graphically. In A, the IPSP amplitude is plotted as a function of membrane potential for normal K+ (12.8 mM), l/3X K+ (4.3 mM), */2X K+ (6.4 mM), and 2X K+ (25.6 mM). At each K+ concentration the IPSP amplitude varied linearly with membrane potential. In B, the IPSP reversal potential is plotted as a function of log K+. The IPSP reversal potential showed a linear dependence on log K+ with a slope of 39 mV/ decade change in K+. This is 68% of the 58 mV/decade change in slope predicted by the Nernst potential for a pure potassium-mediated response. Similar results were obtained in other experiments. In the same figure, resting potential is plotted as a function of log K+. The resting potential shows a significant deviation from pure potassium dependence in the lower K+ concentration range, as is typically found in other preparations (15).
Characterization of LP-evoked IPSP recorded in AB neuron. The failure of the LP neuron to evoke IPSPs in the AB neuron following inactivation of either both the VD and PD neurons or the PD neurons alone (Fig. 4) Fig. 7 . In A, the IPSP amplitude is plotted as a function of membrane potential for normal, 2X, %X, and %X potassium concentrations. In B, the IPSP reversal potential and E, are plotted as functions of the external potassium concentration.
coupling potential due to an LP-evoked IPSP 9 was hyperpolarized from -60 mV (E,) to in the PD neurons. This hypothesis would -72 mV by the PD hyperpolarization. When predict that hyperpolarization of the AB neu-the AB neuron was directly hyperpolarized ron would not reverse the IPSP unless the to -72 mV for comparison, the IPSP in the AB hyperpolarization were sufficient to hy-AB neuron was not reversed (Fig. 9 ). Moreperpolarize the PD neurons below the IPSP over, further hyperpolarizing the AB as low reversal potential. On the other hand, it as -110 mV failed to reverse the IPSP (not would predict that hyperpolarization of the shown), since this hyperpolarization was in-PD neuron sufficient to reverse the IPSP re-sufficient to bring the PD neurons below the corded in the PD neuron would also reverse reversal potential for the IPSP. Both the failthe IPSP in the AB neuron, even if the AB ure of the LP-evoked IPSP recorded in the neuron were only displaced a few millivolts AB neuron to reverse on AB neuron hyperfrom E, by the PD neuron hyperpolarization.
polarization and the ease of reversal of the We obtained exactly such data, as is shown LP-evoked IPSP recorded in the AB neuron in Fig. 9 . The LP-evoked IPSP was hyper-on hyperpolarization of the PD neuron are polarizing in both the AB and PD neurons consistent with the conclusion that the LPwhen they were at Er, as in Figs. 1, 2, and evoked IPSP recorded in the AB neuron was 4. Hyperpolarization of the PD neuron suf-actually an electrotonic coupling potential ficient to reverse the IPSP in the PD neuron due to the LP-evoked IPSP in the PD neualso reversed the IPSP in the AB neuron, Tons. which in the panel shown on the right in However, when the PD neuron was hyperpolarized enough to bring the AB neuron from E, to -72 mV and to reverse the LP-evoked IPSP in the PD neuron, the LP-evoked IPSP recorded in the AB neuron was also reversed. allowed us to eliminate eight of the nine al-the case of the AB, PD, LP interactions, simtemative circuits shown in Fig. 3 . The single ply recording from the AB neuron, one of circuit that remains (in the box in Fig. 3) is the PD neurons, and the VD neuron does the one that most accurately represents the not reveal which of the circuits accurately actual synaptic interactions among the AB, describes the actual chemical and electrical PD, and LP neurons.
synaptic connections. Therefore, we selectively inactivated either the AB neuron or the AB, PD, VD SYNAPTIC
INTERACTIONS.
Si-two PD neurons, in order to determine the multaneous intracellular recordings from the pattern of both the electrical and the chem-AB interneuron, one of the PD motomeuical synaptic interactions between the AB, rons, and the VD neuron show that the VD PD, and VD cells. The LP neuron makes neuron was inhibited when the AB and PD reciprocal chemical synapses with the PD neurons fired (Fig. 10) . By impaling the AB neurons, and has also been reported to make neuron, a PD neuron, or the VD neuron with reciprocal chemical synapses with the VD a second electrode and passing current pulses, neuron (25). Therefore, in some experiments it was possible to demonstrate electrical cou-we inactivated either the AB and LP neurons pling among all of these cells (Fig. lOA) . or both the PD and LP neurons. The AB-VD From records such as those of Fig. lOA , it is and PD-VD interactions were the same possible to construct a set of nine alternative whether or not the LP neuron was inacticircuits, analogous to those constructed for vated. the AB, PD, and LP neurons, each of which Figure 11A illustrates the interactions becould describe the interactions among the tween the AB and VD neurons, following AB, PD, and VD neurons ( of the PD and LP neurons. It is clear that a best describes the AB, PD, VD synaptic inburst in the AB neuron resulted in an IPSP teractions is illustrated in Fig. 12 . in the VD neuron. In addition, current pulses Because the PD neurons did not inhibit passed into either the AB neuron or into the the VD neuron we were able to study the VD neuron revealed that the AB neuron and AB-evoked IPSP in the VD neuron either VD neuron were electrically coupled to one with the PD neurons functional or with the another.
PD neurons inactivated. The AB-evoked The PD to VD synaptic interactions were examined after inactivation of only the AB neuron or both the AB and LP neurons (Fig.  11B) . The VD neuron did not receive any apparent inhibitory input from the PD neurons. In fact, the PD and VD neurons fired synchronously. Current pulses passed into either of the PD neurons or into the VD neuron revealed that the PD and VD neurons were electrically coupled. The circuit that IPSP in the VD neuron was similar to the AB-evoked IPSP in the LP neuron on the basis of time course, reversal potential, ionic selectivity, and pharmacological characteristics. As shown in Fig. 13 , the AB-evoked IPSP showed a clear reversal potential about 20 mV hyperpolarized from E,. This reversal potential was sensitive to changes in the external potassium concentration, showing a WmV depolarizing shift when K+ was dou-OF COUPLED NEURONS 1407 bled (mean = 11.8 t 3.3; n = 4). In addition, this IPSP was sensitive to changes in the internal chloride concentration. Hyperpolarization of the VD neuron for lo-15 min with a KCl-filled microelectrode injected enough Cl-ions into the cell to cause a significant depolarizing shift in the IPSP reversal potential. In many experiments the reversal potential depolarized to E, or above. The reversal potential recovered to its control value
13. Characterization of the AB-evoked IPSP in the VD neuron following the PD neuron inactivation. The AB neuron and VD neuron were each impaled with two microelectrodes; the current electrode in the VD neuron was filled with 2.5 M KCl, while all of the other electrodes were filled with 4 M KAc. Commissural and esophageal inputs were blocked for this figure. Depolarization of the AB neuron (indicated by bars) sufficient to elicit bursts that mimicked those produced in the presence of commissural and esophageal inputs evoked IPSPs in the VD neuron. Under control conditions the AB-evoked IPSP was hyperpolarizing at E, (-54 mV), at equilibrium at -74 mV, and reversed at more hyperpolarized levels of membrane potential. In the presence of 2x K+ saline, E, shifted to -45 mV and the IPSP reversal potential shifted to -60 mV. When the VD neuron was Cl-loaded by hyperpolarizing to -100 mV for 10 min, the IPSP reversal potential shifted to -52 mV, 2 mV above E, (-54 mV). The IPSP reversal potential recovered to the control value after about 20 min. AB reference potential, -50 mV.
after the VD neuron remained at E, for about 20 min. The AB-evoked IPSP in the VD neuron was entirely blocked by 10v6 M picrotoxin but unaffected by 10s3 M atropine and 1 Om5 M QNB (unpublished observations).
AB, PD, PY SYNAPTIC CONNECTIONS.
Each stomatogastric ganglion contains approximately eight PY neurons that fall into two classes, the early pyloric (PE) and the late pyloric (PL). The PE neurons fire slightly before the LP neuron, while the PL neurons fire later (13). Unlike the PD, VD, and LP neurons, which can be identified uniquely by the independent criterion of which muscles they innervate, by using this criterion the PY neurons can only be identified as a group.
CONTROL
Thus, assignment of PY neurons into PE and PL classes is an operational assign .ment does not imply absolute difference or un and identification -of these cells. All of the PY neuron s we studied were inhibited by both the AB neuron and the PD neurons. A n example of this is illustrated in Fig. 14 .
The AB-evoked IPSPs in the PY neurons resembled the AB-evoked IPSPs in the LP and VD neurons. As shown in Fig. 15 , the AB-evoked IPSP in the PY neurons reversed at about 18 mV hyperpolarized from E,. The reversal potential of this IPSP was the same whether it was evoked by spontaneous AB activity in the presence of input from the esophageal and commissural ganglia (left panel) or evoked by depolarization of the AB AB KILLED PDs KILLED -J AB,PD 6mV PY 3mv 0.25sec FIG. 14. Intracellular recordings from three PY neurons in three separate experiments. In the control panel, the simultaneous spontaneous AB and PD neuron bursts evoked an IPSP in the PY neuron. In the center and righthand panels, commissural and esophageal inputs were blocked and the AB and PD neurons depolarized through a second microelectrode with current pulses sufficient to produce bursts that mimicked spontaneous activity. In the middle panel, the AB-evoked IPSP is shown following photoinactivation of the PD neurons. In the right-hand panel, the PD-evoked IPSP is shown following photoinactivation of the AB neuron. Notice that the rise time of the AB-evoked IPSP was much faster and the latency shorter than that of the PD-evoked IPSP. The PY neuron reference potential was -52 mV in each of the three experiments. 15. Intracellular recordings from the AB neuron and a PY neuron following photoinactivation of the VD and PD neurons. The PY neuron was impaled with two microelectrodes. In the panel illustrated on the left, commissural and esophageal inputs into the stomatogastric ganglion were present and the AB neuron was bursting spontaneously. The recording from the AB neuron shown at the top of the panel was taken simultaneously with the recording from the PY neuron made at E, (-54 mV). The AB-evoked IPSP in this PY neuron was hyperpolarizing at E,, at equilibrium at -72 mV, and reversed at more hyperpolarized levels of membrane potential. The panel on the right illustrates recordings from the same AB and PY neurons following sucrose block of commissural and esophageal inputs. Under these conditions, spontaneous bursts in the AB neuron were infrequent and of small amplitude. Therefore, the AB neuron was depolarized through a second microelectrode in the cell body so that it produced bursts that mimicked those seen in the presence of commissural and esophageal inputs. The reversal potential of the AB-evoked IPSP was the same whether it was evoked by spontaneous AB activity or by depolarization of the AB through a second electrode in the soma.
neuron through a second microelectrode in by 10s3 M atropine and lo-' M QNB (unthe soma following sucrose block of these published observations). inputs (right panel). The AB-evoked IPSPs
The PD-evoked IPSP in the PY neurons in the PY neurons were similar in time was similar to the PD-evoked IPSP in the LP course to the AB-evoked IPSPs in LP and neuron in the absence of commissural input. VD neurons; their reversal potentials were This IPSP had a slow time course, was sensensitive to both changes in external potassitive to changes in the external potassium sium concentration and intracellular chloconcentration, but insensitive to chloride inride concentrations and these IPSPs were jection. This IPSP was a clear conductance constant-current pulses during the IPSP, and was reversibly blocked by 10B3 M atropine and 10s5 M QNB but unaffected by 10s6 M picrotoxin (unpublished observations). Figure 16 illustrates the synaptic connections between the AB and PD neurons and each of the postsynaptic neurons. This diagram is consistent with all of the experiments reported herein and with those described by Miller and Selverston (25, 26) . In addition, we have begun to examine the interactions between the LP and VD neurons following inactivation of the AB and PD neurons, and these are included in this circuit diagram. We have not yet examined the interactions between the LP and PY neurons or the PY and VD neurons following AB and PD neuron inactivation. DISCUSSION We show in this paper that several electrically coupled neurons that ordinarily depolarize and fire synchronously actually have substantially different effects on follower neurons. This finding is the more striking because it was not obvious by casual inspection of electrophysiological records; moreover, it necessitated the removal of one or more of the electrically coupled neurons from the circuit to demonstrate clearly.
The AB neuron and the PD neurons are electrically coupled and fire synchronous bursts of action potentials. Each burst evokes a complex IPSP in the postsynaptic VD, LP, and PY neurons. Using the lucifer yellow photoinactivation technique of Miller and Selverston (27) we have shown that only the AB neuron and not the PD neurons evokes IPSPs in the VD neuron. In contrast, both the AB and PD neurons evoke IPSPs in the LP and PY neurons; these IPSPs are physiologically distinct from one another. In addition, we have shown that the LP neuron evoked IPSPs in the two PD neurons but not in the AB neuron.
Technical considerations
Our interpretation of the results of experiments in which some neurons of a group of electrically coupled neurons have been photoinactivated is based on the premise that the soma and the entire neuropilar arborization of dye-filled neurons are inactivated, while unfilled neurons remain unaffected. There are two possible artifacts with this technique. First, dye-filled neurons may be incompletely inactivated and surviving endings may continue to release transmitter. Second, dye may cross the electrical junctions between coupled neurons and endings of all of these neurons may be inactivated so that none of them release transmitter. It is possible to make specific predictions about the IPSP recorded in a postsynaptic neuron in each of these situations; these predictions are outlined in Table 1. Since the AB-and PD-evoked IPSPs are distinct and separable from one another, the results in this paper are consistent with only one of the three hypotheses: that only dye-filled neurons are completely inactivated. Thus, we conclude that we can, in fact, separate the postsynaptic effects of electrically coupled neurons by selectively inactivating individual neurons within the electrically coupled ensemble and, thus, effectively removing the inactivated neurons from the neuronal circuit. Obviously, we can never be absolutely certain that 100% of the presynaptic terminals have been photoinactivated. However, we see no evidence of the contamination predicted by incomplete inactivation.
Ionic dependence of AB-evoked IpsPSPs in LP, VD, and PY neurons and LP-evoked IPSP in PD neurons
The reversal potentials of the AB-evoked IPSPs in the LP, VD, and PY neurons and the LP-evoked IPSPs in the PD neurons, as measured from the somata, were approximately 20 mV below E,. Because we were recording from somata this value contains an error due to the distance of the synaptic regions from the somata. This error would tend to make us estimate the reversal potentials at more hyperpolarized levels than they are in fact. However, IPSP amplitudes recorded in somata were often as large as 10 mV. This value must be an underestimate of the IPSP amplitude at the synaptic region. In any case, the true value for the IPSP reversal potential must lie below the largest IPSP excursion. These two facts taken together show that the errors in our measurements cannot be too considerable and allow us to estimate that the true IPSP reversal potential for these PSPs is probably about 15 mV below E,.
The reversal potentials of the AB-evoked IPSPs in the LP, VD, and PY neurons and the LP-evoked IPSP in the PD neurons all responded to both changes in the external potassium concentration and the internal chloride concentration. Doubling or halving the potassium concentration produced a shift in the reversal potential of a smaller magnitude than that predicted by the Nernst equation for a pure potassium-mediated response. Iontophoretic injection of chloride into the somata shifted the chloride equilibrium potential enough to cause the IPSPs to be at reversal at E, or slightly above E,. The interpretation most consistent with these data is that these IPSPs were mediated by conductance increases to both potassium and chloride ions.
Support for this interpretation comes from our best estimates for EC1 and EK in these neurons. Marder and Paupardin-Tritsch (2 1) have reported distinct chloride-mediated responses to iontophoretically applied [glutamate and y-aminobutyric acid (GABA) in stomatogastric neurons of the crab, Cancer pagurus. These responses reverse within a few millivolts of Er, placing Eel close to E, in these neurons. In addition, Claiborne (5) has found distinct chloride-mediated responses to iontophoretically applied histamine on PD somata, and we have found distinct chloride-mediated responses to iontophoretically applied I-glutamate on PD and LP somata in Pam&us interruptus (unpublished observation). As in the crab, these responses reverse at Er, placing Eel at E, in P. interruptus neurons. Marder and Paupardin-Tritsch (2 1) have also reported distinct potassium-mediated responses to iontophoretically applied I-glutamate and GABA in crab stomatogastric neurons. These responses reversed at about 20 mV below Er, placing EK at about 20 mV below E, in the crab neurons. We have demonstrated distinct potassium-mediated responses due to PD-released neurotransmitter in LP and PY neurons. These responses reversed at 30-40 mV below Er, placing EK at a value slightly lower than in the crab. We know from the work done in the crab (2 1) that iontophoretically applied glutamate can evoke separate chloride-and potassium-mediated responses. We feel that both of these responses may be underlying the synaptic responses seen in the lobster because iontophoretic application of glutamate in the lobster neuropil evokes responses that mimic the synaptic responses (unpublished observations).
Thus it appears that these neurons have three distinct classical conductance increasetype inhibitory responses: I) chloride-mediated responses that reverse close to Er, 2) potassium-mediated responses that reverse at about 30-40 mV below Er, and 3) chloride plus potassium responses that reverse at a value intermediate between Eel and EK. Fuchs and Getting (8) and Sigvardt and Mulloney (38) have also found IPSPs in crustacean neurons that respond to changes in both the potassium and chloride concentrations.
There are several other possible ways of explaining these data, which we think less likely than the interpretation offered above. a) It is conceivable that AB-and LP-evoked IPSPs are pure Cl-IPSPs and that the shifts of reversal potential seen after changes in potassium concentration are due to redistribution of Cl-. We think this unlikely for several reasons. First, this hypothesis would require that Eel in the neuropil be at least 15 mV more hyperpolarized than EC1 in the cell body and at least 15 mV hyperpolarized from E, in the neuropil. This would require a strong Cl-pump specifically localized in the neuropil. Second, in most cases the reversal potential of the IPSP was more dependent on potassium concentration than was the resting potential. Third, in experiments in which we clamped the cell to its control resting potential to prevent redistribution of ions during the potassium changes, we saw exactly the same changes in IPSP reversal potential as in the experiments in which the cell was allowed to depolarize or hyperpolarize. b) It is conceivable that the PD-evoked IPSPs and AB-evoked IPSPs share the same ionic mechanism but that the PD-evoked IPSPs are at sites much further from the cell somata than the AB-evoked IPSPs. There is no anatomical suggestion of this, and the pharmacological separation of the AB-evoked and PDevoked IPSPs does not support this hypothesis. In addition, we would then have to suggest that the injected Cl-ions just didn't reach the parts of the cell receiving the PD inhibition.
The properties of all the chemical IPSPs we have examined are summarized in Table  2 . The AB-and LP-evoked IPSPs are all rapid, picrotoxin blocked, and sensitive to both K+ and Cl-. The LP is a glutamatergic motor neuron ( 16-18), and present evidence is in favor of glutamate as the best candidate for the transmitter released by the AB and LP neurons within the ganglion (2 1, unpublished observations). In the absence of commissural inputs, the PD-evoked IPSP is a slow increase in K+ conductance, which is sensitive to high concentrations of atropine and QNB. The PD neurons make cholinergic neuromuscular connections and contain choline acetyltransferase ( 17, 18). Present evidence is consistent with the cholinergic nature of the PD-evoked IPSPs (20, 2 1, unpublished observations). LP-evoked IPSP in AB neuron is really an electrotonic potential As well as obscuring which of a group of neurons was presynaptic to a particular neuron, we have found a clear instance in which electrical coupling obscured which of a group of neurons was postsynaptic to a particular neuron. We have shown that the IPSPs recorded in the AB neuron following LP action potentials were not due to LP-evoked IPSPs in the AB neuron. Rather, these IPSPs were electronic coupling potentials due to LPevoked IPSPs in the two PD neurons.
Formerly, the LP neuron was considered to be the only neuron within the stomatogastric ganglion that made a chemical synapse onto the AB neuron and, thus, the only neuron within the ganglion presynaptic to the AB neuron. Now it appears that there are no cells within this ganglion that make direct chemical synapses onto the AB neuron. Miller and Selverston (25) have shown that the AB neuron is the only neuron within the pyloric system capable of producing rhythmic membrane potential oscillations in the absence of central input. Thus, the AB neuron is the pacemaker for the pyloric pattern. It is now apparent that all direct chemical input onto this pacemaker comes from transmitter released by neurons outside the stomatogastric ganglion. Indirect input from neurons within the stomatogastric ganglion is mediated via electrotonic coupling between the AB neuron and other neurons within the pyloric system. The prediction based on this arrangement is that the efficacy of feedback control of the pacemaker will be modulated by any variations in the strength of the electrical coupling between the AB neuron and other pyloric neurons.
Implications
The ability of the AB and PD neurons to evoke physiologically distinct responses in the same postsynaptic neuron suggests that these different responses may be important in modulating the activity of that neuron. The phase relationships between each of the cell types within the pyloric system have been well described (25, 26, 35) . One of the important features of these phase relationships is that they are not invariant (J. L. Ayers and A. I. Selverston, personal communication). The pyloric motor pattern is influenced by a number of factors, including I) commissural and other central inputs (25, 26, 32, 33, 39) and 2) sensory input (39) . Because in all cases the coupling coefficient between the AB and PD neurons is less than one, we suggest that any inhibitory or excitatory inputs that affect either only the AB or only the PD neurons will affect the relative proportions of AB-released and PD-released transmitter and, thus, AB-evoked and PD-evoked inhibition in a postsynaptic neuron. Because the ABevoked and PD-evoked IPSPs have distinctly different time courses, different relative proportions of AB-evoked and PD-evoked inhibition could account for the variation seen in the phase relationships between pyloric motor neurons. In this way, a hard-wired circuit with two or more nonidentical electrically coupled neurons that evoked physiological distinct responses in the same postsynaptic neuron could appear to vary, under 
